Several extensions of the standard model (SM) include leptoquarks (LQ) which carry color, fractional electric charge, and both lepton (l) and quark (q) quantum numbers and would decay into a lepton and a quark [1] . The H1 and ZEUS experiments at the e p collider HERA at DESY published [2] lower limits on the mass of a first-generation LQ that depend on the unknown leptoquark-l-q Yukawa coupling . At the CERN LEP collider, pair production of leptoquarks could occur in e e ÿ collisions via a virtual or Z boson in the s channel. At the Fermilab Tevatron collider, leptoquarks would be pair produced dominantly throughannihilation (for M LQ > 100 GeV=c 2 ) and gluon fusion. Such pair production mechanisms are independent of the coupling . Experiments at the LEP collider [3] and at the Fermilab Tevatron collider [4 -6] set lower limits on the masses of leptoquarks. In this letter, we present a search for first-generation scalar leptoquark pairs produced in p p collisions at s p 1:96 TeV for two cases:
when both leptoquarks decay to an electron and a quark with a branching fraction (Br) 2 , where is the leptoquark branching fraction into an electron and a quark, and when one of the leptoquarks decays to an electron and a quark and the other to a neutrino and a quark with Br 21 ÿ . The final states consist of two electrons and two jets (eejj) or of an electron, two jets, and missing transverse energy corresponding to the neutrino which escapes detection (ejj).
The D0 detector [7] comprises three main elements. A magnetic central-tracking system, which consists of a silicon microstrip tracker and a central fiber tracker, is located within a 2 T superconducting solenoidal magnet. Three liquid-argon/uranium calorimeters, a central section (CC) covering pseudorapidities [8] with jj up to 1 and two end calorimeters (EC) extending coverage to jj 4 [9] , are housed in separate cryostats. Scintillators between the CC and EC cryostats provide a sampling of developing showers for 1:1 < jj < 1:4. A muon system is located outside the calorimeters.
The data used in this analysis were collected from April 2002 to March 2004. The integrated luminosity for this data sample is 252 16 pb ÿ1 . Events were required to pass at least one of a set of electron triggers based on the requirement of one electromagnetic trigger tower to be above threshold and on shower shape conditions. The efficiencies of the trigger combinations used in the eejj and ejj analyses have been measured using data. They are 100% for two electrons of transverse energy (E EM T ) above 25 GeV, and for one electron above 40 GeV. The small loss of events due to the trigger inefficiencies for E EM T below 40 GeV is taken into account using proper weighting for Monte Carlo (MC) events.
Electrons are reconstructed as calorimeter electromagnetic (EM) clusters which match a track in the centraltracking system. Electromagnetic clusters are identified by the characteristics of their energy deposition in the calorimeter. Cuts are applied on the fraction of the energy in the electromagnetic calorimeter and the isolation of the cluster in the calorimeter. EM clusters are marked as tight when they satisfy a shower shape condition and loose otherwise. Jets are reconstructed using the iterative, midpoint cone algorithm [10] with a cone size of 0.5. The energy measurement of the jets has been calibrated as a function of the jet transverse energy and by balancing energy in photon plus jet events. The missing transverse energy (E 6 T ) is calculated as the vector sum of the transverse energies in the calorimeter cells, removing contributions from detector noise.
For both channels, the background arising from multijet events is determined from a sample of data events (QCD sample) that satisfy the main cuts used in the analysis except that each EM cluster is loose instead of tight. A QCD normalization factor is extracted for this sample in a part of the phase space where the LQ contribution is expected to be negligible. The QCD sample normalized by this factor is used to derive the multijet contribution in the relevant part of the phase space. To evaluate the Z boson/Drell-Yan (Z=DY) and the W boson background contributions, samples of MC events generated with ALPGEN [11] or PYTHIA [12] were used. Samples of PYTHIA t t events (m t 175 GeV=c 2 ) were used to calculate the top quark background. LQLQ ! eejj and LQLQ ! ejj MC samples were generated using PYTHIA for LQ masses from 120 to 280 GeV=c 2 in steps of 20 GeV=c 2 . All MC events were processed using a full simulation of the detector based on GEANT [13] and the complete event reconstruction. The efficiencies of the various cuts, measured using the data, were taken into account using proper weightings of the MC events.
The eejj analysis requires two tight EM clusters with E EM T > 25 GeV and at least two jets with E T > 20 GeV within jj < 2:4. At least one of the EM clusters should spatially match an isolated track and at least one should be in the CC fiducial region. The major SM background sources that mimic the eejj decay of a LQ pair are multijet events (where two of the jets are misidentified as EM objects), Z=DY production, and top-quark-pair production. To suppress background from Z boson production, events with a dielectron mass (M 2EM ) compatible with the Z boson mass (80 < M 2EM < 102 GeV=c 2 ) are rejected. Finally S T > 450 GeV is also required, where S T is the scalar sum of the transverse energies of the two electrons and the two leading jets. In Fig. 1(a) , the S T distributions for data and background after applying the Z boson mass cut are shown. This choice of the cutoff has been optimized using MC signal and background events to get the best expected mass limit. The total efficiencies for a LQ signal are summarized in Table I . The multijet background is estimated from two samples of events with two EM clusters E EM T > 15 GeV which have at least one matched track and no reconstructed jets. Both EM clusters are tight in one sample and loose in the other. The QCD normalization factor is determined by the normalization of the M 2EM distributions of the two samples below 75 GeV=c 2 . The Z=DY and top quark contributions are normalized to the integrated luminosity. Table II lists the number of events in the data and the number of expected events from SM background sources.
Systematic uncertainties on the background are determined to be 15% from the QCD normalization factor and 6% from the efficiencies of the identification of electrons and jets (particle ID). An uncertainty (26%) from the jet energy scale is determined by varying the correction factor on the calorimeter response to jets by 1 standard deviation. A systematic uncertainty on the Z=DY background (20%) is calculated by taking into account the differences between the two Z=DY MC samples. On the signal, the particle ID and the limited statistics of the MC sample correspond to systematic uncertainties of 6% and 1.2%, respectively. Comparing acceptances for the signal samples generated with PYTHIA using different parametrizations of parton distribution functions (PDFs) leads to an uncertainty of 5%. The uncertainty due to the jet energy scale is dependent on the LQ mass (7.3% for a LQ mass of 240 GeV=c 2 ). The total uncertainty on the efficiency is (17-9)% in the mass range 180-280 GeV=c 2 .
The data are consistent with the expected SM background and no evidence for leptoquark production is observed in the eejj channel. Thus we can set an upper limit at the 95% C.L. on the LQ pair production cross section using a Bayesian approach [14] . The limits are tabulated in Table I and shown in Fig. 2(a) as a function of LQ mass. To compare our experimental results with theory, we use the next-to-leading order (NLO) cross section for scalar leptoquark pair production from Ref. [15] , with the CTEQ6 PDF [16] . The theoretical uncertainties correspond to the variation from M LQ =2 to 2M LQ of the renormalization scale used in the calculation and to the errors on the PDFs. To set a limit on the LQ mass we compare our experimental limit to the theoretical cross section for 2M LQ , which is conservative as it corresponds to the lower value of the theoretical cross section. The value of the theoretical cross section would increase by 7% if the PDF errors were neglected. A lower limit on the leptoquark mass of 241 GeV=c 2 is obtained for 1.
The ejj analysis requires exactly one tight EM cluster (E EM T > 35 GeV) in the CC fiducial region which matches an isolated track spatially and kinematically. At least two jets with E T > 25 GeV within jj < 2:4 and E 6 T > 30 GeV are required. The main SM background sources which would mimic the ejj decay of a LQ pair are events with multijet production (where a jet is reconstructed as an electron and the E 6 T comes from jet mismeasurements), W 2 jets events, and top-quark-pair production. A veto on muons with p T > 10 GeV=c is applied to reduce the dilepton background from t t decays. A cut on the invariant transverse mass of the electron and the missing energy (M e T > 130 GeV=c 2 ) is applied to reduce the W boson background. Finally S T > 330 GeV is required, where here S T is the sum of the transverse energies of the electron, the two jets, and the E 6 T . The distribution of the variable S T for the data and the total background is shown in Fig. 1(b) after applying the M e T cut. The choice of the cutoff has been optimized as above. The total efficiency of these cuts for a LQ signal is given in Table I . To determine the multijet background we use a data sample that passed all the preceding cuts but with a loose EM cluster spatially matching a track. The QCD normalization factor is determined using the ratio of the number of events with E 6 T < 10 GeV in this and in the search samples. The W boson background is normalized to the data at transverse mass 60 < M e T < 100 GeV=c 2 . The top quark background is normalized to the integrated luminosity using the NNLO theoretical cross section. The number of events which survive the cuts and the number of predicted background events are summarized in Table III. Systematic uncertainties associated with the QCD normalization factor (9%) and W boson normalization factor (5.7%) are determined by the limited statistics of the samples and the choice of kinematical domain over which the normalization is done. The jet energy scale uncertainty introduces uncertainties equal to 25% for W boson production and 8.5% for the top-quark-pair production. For the W boson background an uncertainty equal to 33% is associated with the shape of the E 6 T distribution. A 25% error has been included as systematic uncertainty on the top quark cross section. Finally, there is an uncertainty of 3.8% on the particle-ID acceptance. Three systematic uncertainties are determined on the signal acceptance: 3.8% comes from the uncertainty on the particle ID, 5% is due to the jet energy scale uncertainty, and 5.4% corresponds to the acceptance variations for different PDF parametrizations.
As no excess of data over background is found in the ejj channel, an upper limit on the production cross section for a first-generation scalar leptoquark is derived and shown in Fig. 2(b) and in Table I . A comparison of these limits to theoretical calculations of the cross section [15] , performed as described above, gives a lower limit on the first-generation scalar LQ mass of 208 GeV=c 2 for 0:5. A combination of the limits obtained in the searches in the eejj and ejj channels is done using a Bayesian likelihood technique [17] , with correlated uncertainties taken into account. The limits on the cross sections obtained at the 95% C.L. for the combination of the two channels and different values of are compared with the NLO LQ pair production cross section [15] and lower mass limits are derived and given, as a function of , in Table IV and shown in Fig. 3 . In Table IV are also shown the run I mass limits based on an integrated luminosity 120 pb ÿ1 obtained by D0 [4] , using the three channels eejj, ejj and jj, and CDF [5] (eejj channel). This analysis sets a 95% C.L. limit on the first-generation leptoquark mass of M LQ > 218 GeV=c 2 for 0:5, and M LQ > 241 GeV=c 2 for 1. The D0 run II and run I results are combined, using the same method, and the results are shown in Table IVand 2 ) , as a function of . The mass limits from D0 (eejj, ejj and jj combined) [4] and CDF (eejj) [5] at run I ( 120 pb ÿ1 ) are also given, as well as the limits obtained by combining the D0 run I and run II results. 
